Stroke risk in children with sickle cell disease (SCD) is currently assessed with routine transcranial Doppler ultrasound (TCD) measurements of blood velocity in the Circle of Willis (CoW). However, there is currently no biomarker with proven prognostic value in adult patients. Four-dimensional (4D) flow magnetic resonance imaging (MRI) may improve risk profiling based on intracranial haemodynamics. We conducted neurovascular 4D flow MRI and blood sampling in 69 SCD patients [median age 15 years (interquartile range, IQR: 12-50)] and 14 healthy controls [median age 21 years (IQR: 18-43)]. We measured velocity, flow, lumen area and endothelial shear stress (ESS) in the CoW. SCD patients had lower haematocrit and viscosity, and higher velocity, flow and lumen area, with lower ESS compared to healthy controls. We observed significant age-related decline in haemodynamic 4D flow parameters; velocity (Spearman's q = À0Á36 to À0Á61), flow (q = À0Á26 to À0Á52) and ESS (q = À0Á14 to À0Á54) in SCD patients. Further analysis in only adults showed that velocity values were similar in SCD patients compared to healthy controls, but that the additional 4D flow parameters, flow and lumen area, were higher, and ESS lower, in the SCD group. Our data suggest that 4D flow MRI may identify adult patients with an increased stroke risk more accurately than current TCD-based velocity.
Sickle cell disease (SCD), characterized by chronic anaemia, haemolysis, vascular damage and stroke, is a group of genetic haemoglobin disorders caused by the inheritance of mutation (s) in the HBB gene causing replacement of at least one bglobin subunit in Hb A by Hb S. The abnormal haemoglobin protein undergoes polymerization in the deoxygenated state, resulting in sickle-shaped, dysfunctional red blood cells. Overt stroke in SCD is associated with high blood flow velocities in the anterior vessels of the Circle of Willis (CoW) (DeBaun et al, 2006) . The large-vessel stroke rate reported by The Cooperative Study of Sickle Cell Disease is 10% by age 20 years, and 25% by age 50 years, with a mortality rate of 26% (Ohene-Frempong et al, 1998) . Primary and secondary prevention of stroke in SCD is achieved by life-long chronic blood transfusion therapy. The majority of first strokes in SCD occur around 5-9 years of age (Adams et al, 1992; Fullerton et al, 2004) . This is the age at which the brain in healthy children exerts the greatest metabolic demands on glucose (Chugani, 1998) and cerebral blood flow (Kuzawa et al, 2014) .
Routine transcranial Doppler ultrasound (TCD) screening in diagnosed SCD children detects 'abnormal' velocity (>200 cm/s) in the CoW, which is associated with a high risk of overt stroke (Adams et al, 1998) . Abnormal TCD velocity indicates either the presence of a stenosis or increase in cerebral blood volume due to metabolic demand (Abboud et al, 2004; Prohovnik et al, 2009 ). TCD does not make a distinction between these different contributions to stroke risk, hence it is still unclear whether stenosis is a causal or resultant factor of high velocity in SCD. The prognostic value of TCD has not been established in adults with SCD and the technique is limited by operator-dependency, poor insonation windows, thicker skull bone in adults, single vessel assessments, challenging vessel localization, and lack of information on diameter and therefore blood volume (Willie et al, 2011) . Hence, there is a growing interest in the use of new techniques that can measure haemodynamics and derive secondary parameters, in order to detect, understand and treat early cerebrovascular disease in SCD.
A powerful tool for non-invasive measurement of haemodynamic properties of blood flow in vivo is time-resolved volumetric phase contrast magnetic resonance imaging (MRI) with velocity encoding in the three principal directions, also known as four-dimensional (4D) flow MRI (Bammer et al, 2007; Dyverfeldt et al, 2015) . 4D flow MRI offers the unique opportunity to measure velocity in a single threedimensional (3D) scan, from which additional haemodynamic parameters can be estimated. In this study, we used 4D flow MRI in the CoW to measure velocity, flow, lumen area and endothelial shear stress (ESS) using a SCD-specific blood viscosity correction. For velocity and flow, we expected to find elevated values in patients with SCD compared to healthy controls, and an age-related decline in both groups (Valadi et al, 2008; Wu et al, 2016) . Our hypothesis for lumen cross-sectional area was that patients with SCD manifest increased diameters due to adaptations to the chronically altered haemodynamic conditions caused by anaemia, resulting in vascular remodelling (Gibbons & Dzau, 1994) . The flow-derived parameter ESS, which is the tractive force that blood flow exerts on the endothelial cells aligning the vessel wall, has been implicated in vessel diameter responses, intimal hyperplasia (Ku, 1997) and remodelling of the arterial wall (Gibbons & Dzau, 1994) . This is a highly regulated process and hence led us to the hypothesis that patients with SCD have ESS values close to normal, due to larger lumen areas compared to healthy controls.
Materials and methods

Study population
All procedures were approved by the Institutional Review Board of the Academic Medical Center, Amsterdam, The Netherlands, and carried out according to the Declaration of Helsinki. Written informed consent was obtained prior to participation. This study consists of 100 participants recruited for 4D flow MRI studies from our paediatric (under 18 years of age) and adult (over 18 years of age) haematology departments between 2009 and 2016 (Gevers et al, 2012; van der Land et al, 2015) . Of these, 86 were SCD patients and 14 were race-matched controls recruited from the relatives and friends of participating patients. (Hollowell et al, 2005; Robins & Blum, 2007) .
MRI protocol
Images were acquired at 3.0 Tesla on clinical MR systems (Intera and Ingenia, Philips Healthcare, Best, The Netherlands) with SENSE-8-16-or 32-channel receive head coils and body coil transmission. The imaging protocols consisted of a localizer scan, 3D non-contrast enhanced time-of-flight magnetic resonance angiogram (MRA), a standard clinical T2-weighted fluid inversion recovery (FLAIR) sequence, and a 3D cine phase contrast MRI sequence (4D flow MRI). The MRA was used for locating the vessels of the CoW for planning the 4D flow MRI. The 4D flow MRI sequence consisted of a T1-weighted radio-frequency spoiled gradient echo sequence with retrospective cardiac synchronization and symmetric 4-point velocity encoding with a maximum velocity encoding sensitivity (VENC) of 100 cm/s in right-left, anterior-posterior and feet-head directions. Further acquisition parameters for Intera and Ingenia MR systems respectively were: field of view 150 9 150 9 15 mm or 180 9 180 9 20 mm; acquired spatial resolution 0Á5 9 0Á5 9 0Á5 mm; 30-36 axial slices; echo time 3Á2-5Á2 ms; repetition time 6Á5-8Á6 ms; SENSE parallel imaging acceleration factor 2-3 in RL direction; flip angles 15-20°; kspace segmentation factor turbo field echo (TFE) 9-13, temporal resolution 302-467 ms, with two to four heart phases Intracranial 4D Flow MRI Haemodynamics in SCD ª 2017 John Wiley & Sons Ltd acquired. Scan duration was 6 min on average (ranging from 3 to 10 min) depending on the coverage (less coverage in paediatric participants) and on the heart rate, which was higher in paediatric participants (average heart-rate 73 AE 14 bpm) than in adults (average heart-rate 68 AE 10 bpm).
Image post-processing
Phase difference images were corrected for artefacts inherent to the 4D flow MRI technique (Dyverfeldt et al, 2015) . This included an automatic first order polynomial correction on the MR scanner for background phase offset errors (induced by concomitant gradient fields and eddy currents). Phase unwrapping was performed by adding or subtracting two times the VENC to aliased voxels. The aforementioned corrections were carried out in all velocity-encoding directions and heart phases. As systole was not captured in the four cardiac phases of the sequence, the lumen segmentation was performed in magnitude images from the time point with the highest measured signal. A threshold to remove static signal and a watershed algorithm was applied to select the vessels using commercial software (Mimics Materialise, Leuven, Belgium). Furthermore, noise and holes were manually removed. The resulting masks for each vessel segment of the CoW were used for subsequent quantification in custom-built software in MATLAB (Mathworks, Natick, MA). The segmentation was used to mask the velocities in all cardiac phases in the CoW, and was converted to a mesh for ESS calculation at each vertex. In each vertex, shear rates were estimated from a smoothing spline (Reinsch, 1971) fitted through three equidistant points on the normal vector, while imposing a zero velocity at the first point, the vessel wall (van Ooij et al, 2013a). The normal vector had a length of half the diameter (van Ooij et al, 2013a) . The velocity values on the two other points were interpolated from all surrounding velocity values. Subsequently, ESS was calculated in each vertex from the product of the local shear rate and the subject-specific blood viscosity. Blood viscosity (g) was calculated using previously established relationships between haematocrit and viscosity of both healthy and SCD blood, at different shear rates (Detterich et al, 2013) : g = a + b Hct, where g is expressed in centipoise (cP), and haematocrit (Hct) is the fraction of blood occupied by red blood cells (l/l blood) expressed as a percentage of blood volume. Thus, for sickle-cell blood at shear rate measurements >300/s, a = 1Á328 and b = 0Á07, and at shear rates <300/s, a = 1Á220 and b = 0Á08. For healthy blood, at shear rates >300/s, a = 0Á889 and b = 0Á07, and at shear rates <300/s, a = 1Á281 and b = 0Á07. These linear equations facilitated the calculation of subject-specific blood viscosity based on measured or literature-assumed haematocrit values and measured shear rates.
Outcome parameters
3D outcome parameters included time-averaged and vessel segment-averaged velocity (cm/s), shear rate (/s) and ESS (Pa), calculated in the following segments of interest in the CoW: left and right ICA, MCA M1 and ACA A1. 2D outcome parameters were lumen area (mm 2 ) and flow (ml/s) obtained from 2D planes that were placed perpendicular to the vessels using GTFlow software (Gyrotools, Zurich, Switzerland) as shown in Fig 1 . GTFlow was used to create velocity streamlines for blood flow visualization purposes (van Ooij et al, 2013b) . All parameters were compared between patients and control subjects. To test the inter-rater variability of the segmentation of the complex anatomy of the CoW, a second observer, blinded to the results of the first observer, segmented all vessel segments of interest; left and right ICA, MCA M1 and ACA A1. T2-weighted FLAIR images were given a score of 1 for presence of lesions and 0 for their absence.
Statistical analysis
Statistical analyses were performed in MATLAB and IBM SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY). The normality of distributions was assessed with a Shapiro-Wilk test. Wilcoxon rank sum test (non-normal) or a Student's t-test (normal) was then used to test the statistical significance of group differences in subject characteristics, velocity, shear rate, ESS, flow and lumen area (P < 0Á05 was considered statistically significant). Univariate ANOVA with age as a covariate was performed to test group differences. Age-related associations in haemodynamic parameters were modelled with a mono-exponential decay function, y = a + b.exp Àcx . Spearman's q was calculated to investigate the relationship of the haemodynamic parameters with age. After correcting for age, partial correlations were calculated to test the relationship between haemodynamic variables and haematocrit. Continuous variables are expressed as mean AE standard deviation. Inter-rater variability was assessed in all vessel segments of interest, left and right ICA, MCA M1 and ACA A1, using the intra-class correlation (ICC) coefficient. ICC was considered excellent above 0Á75, and good between 0Á60 and 0Á75 (Cicchetti, 1994) . Mann-Whitney U test was performed to test the difference in age between patients with and without brain lesions. Analysis of covariance (ANCOVA) comparing patients with and without lesions on velocity, ESS, and flow was performed with age as a covariate.
Results
Participant characteristics
Motion and non-visible vessels resulted in exclusion of 17 out of the 100 scans, leaving a total of 83 usable datasets. Table I shows the characteristics of the participants and the group differences, indicating that age was not normally distributed, and that patients were significantly younger than controls. Measured haematocrit was significantly lower in patients compared to healthy controls, as expected due to anaemia, and this resulted in lower calculated viscosity values in patients (Fig 2) .
Segmentation variability
The ICC coefficients for inter-observer variation in velocity showed excellent agreement with an ICC that ranged from 0Á82 to 0Á97 (lowest in left ACA, highest in both ICAs), and good agreement for ESS with an ICC that ranged from 0Á62 to 0Á84 (lowest in left ACA, highest in both ICAs).
Haemodynamic alterations in SCD
Examples of velocity vectors and ESS in the Circle of Willis are shown in Fig 3A, B in a healthy control and a patient with SCD. The bar charts in Fig 3C demonstrate the significantly higher velocity, flow and lumen area found in patients compared to controls, after correcting for age. We also observed that ESS was lower in the SCD patient group compared to healthy controls, even though the groups had similar shear rates. Means and standard deviations of velocity, flow, lumen area, shear rate and ESS are provided for all vessel segments in the online supplement (Table SI) .
Intracranial haemodynamics decline with age
Velocity was higher in patients compared to controls, and higher in children compared to adults, as illustrated in the four examples depicted in Fig 4. The patient group exhibited an exponential age-related decline in velocity, flow and ESS (Fig 5) . In SCD patients, spearman's q indicated an age-related decline in velocity in all vessels (q ranged from À0Á36 to À0Á61, P < 0Á05), and a decline in controls only in the left MCA (q = À0Á6, P = 0Á02). Flow declined with age in SCD (q ranged from À0Á26 to À0Á52, P < 0Á05) but not in controls (q ranged from À0Á3 to À0Á4, P = 0Á23-0Á14). ESS declined with age in SCD patients in all vessels except the left ACA (q ranged from À0Á14 to À0Á54, P < 0Á05) but not in controls (q ranged from À0Á2 to À0Á5, P = 0Á44-0Á06). An additional analysis is provided in the online supplement (Table SII) , which indicates that velocity did not differ between adult SCD patients (Hollowell et al, 2005; Robins & Blum, 2007) , statistical significance P < 0Á05. (>18 years of age) and adult controls (>18 years of age), but that flow was significantly higher in adult SCD patients compared to adult controls, in both MCAs (P = 0Á01) and ICAs (P = 0Á02), and that ESS was lower in adult SCD patients compared to adult controls in both MCAs (P = 0Á03) and ICAs (P = 0Á04) and that lumen area was also larger in SCD patients in both MCAs (P = 0Á003) and ICAs (P < 0Á001).
4D flow MRI parameters are associated with haematocrit in SCD
Haematocrit increased significantly with age in SCD patients (Pearson's r = 0Á32, P = 0Á007). After correcting for age, Hct was inversely associated with velocity in all vessel segments except the left ACA (Pearson's r values ranged from À0Á43 to À0Á59, P < 0Á001); and also flow in the left ICA, left MCA and right ACA (Pearson's r values ranged from À0Á26 to À0Á35, P < 0Á05).
4D flow haemodynamics and brain lesions in SCD
Image quality was sufficient to assess of 68 out of 69 FLAIR images for lesion presence or absence. As shown in Table I, 38 patients had no lesions and 30 patients had lesions. In the patients with lesions, velocity was lower in the MCA and ICA, ESS was lower in the ICA and ACA, and flow was lower in the left vessels, compared to patients without lesions. It should be noted however, that the patients with lesions were older (26Á7 AE 13Á4 years) compared to patients without lesions (13Á8 AE 4Á5 years) (Fig 6) . The difference in haemodynamics was no longer statistically significant between patients with and without lesions after correcting for age (details are provided in Table II) .
Discussion
With growing evidence supporting a multi-factorial aetiology of stroke in SCD, a technique to visualize and quantify the haemodynamic characteristics of the CoW is attractive. Here, we used 4D flow MRI to quantify velocity, flow, lumen area and ESS in the intracranial vessels. Our main findings were elevations in velocity and flow, and larger lumen areas with lower ESS in patients compared to controls. We also demonstrated that, in our cohort of patients with SCD, ranging in age from 8 to 56 years of age, there were age-related reductions in velocity, flow and ESS. In addition, the velocity that are measurable with 4D flow MRI in both paediatric and adult patients. Cerebral blood flow demand in SCD is greater than in healthy children, in order to maintain basal oxygen delivery (Bush et al, 2016) , and this causes lower cerebrovascular reserve (Kosinski et al, 2017) . Our 4D flow data suggest that increases in blood flow cause parallel increases in vessel crosssectional area and velocity, especially in young patients. Abnormally high velocities in the MCA indicate a particularly high risk for subsequent stroke (Adams et al, 1992) . Prior work has shown that not all high-risk TCD velocities are accompanied by matching angiographic stenosis on MRA (Abboud et al, 2004) . However, at least 10% of cases with lowrisk TCD values do have stenosis (Arkuszewski et al, 2013) , and go undetected by TCD assessment alone (Sampaio Silva et al, 2009 ). This suggests that TCD is not merely identifying stenosis, but is a surrogate for volumetric blood flow and only indirectly indicative of oxygen delivery. With 4D flow MRI, clinicians can obtain a more accurate evaluation of both velocity and stenosis (Hope et al, 2010) , but also flow, which may expand our understanding of the aetiology of stroke in SCD and guide therapeutic decisions in the future.
While TCD-guided initiation of chronic transfusion therapy has lowered stroke risk in paediatric SCD patients, the prognostic value of TCD measurements for stroke risk has not been proven in adolescence and adulthood. And, while high risk for stroke coincides with elevated TCD velocities and low haematocrit in paediatric SCD patients, the elevated velocity that is manifest in paediatric patients (Bernaudin et al, 2011) is not apparent in adult SCD patients, in whom TCD velocities are normal or low (Valadi et al, 2008) , with ongoing anaemia (Sampaio Silva et al, 2006) . Our 4D flow data also demonstrated that velocity was lower in adult patients with SCD compared to young patients, and that higher velocities were negatively correlated with haematocrit. The elevated velocity in this cohort of paediatric SCD patients is most likely due to increased cerebral oxygen demand at that age (DeBaun et al, 2006; Prohovnik et al, 2009; Bush et al, 2016) . Our results show normalization of velocity values after early adulthood despite ongoing anaemia. An age-related decline in velocity, similar to that observed in this study in SCD patients, has been observed in other studies in healthy subjects (Buijs et al, 1998; Wu et al, 2016) . Our data suggest that a single velocity threshold, as current TCD protocols prescribe, is not suitable in adults to discriminate different risk profiles. We believe that appropriate alternatives to TCD, such as 4D flow MRI, are needed to assess older patients (Platt, 2006) for the early detection of cerebrovascular disease. From our work, we hypothesize that a cut-off value based on flow is more appropriate than one based on velocity, because flow still differs between controls and SCD patients at older ages.
Our findings for lumen area values are consistent with published values from "PC-VIPR" 4D flow MRI (Rivera- in healthy middle aged participants (aged 43-63 years), in whom an average MCA area of~8Á5 mm 2 and flow of~2Á7 ml/s was measured, while our healthy controls in the same age category had a similar average MCA area of 10Á4 mm 2 and flow of 3Á0 ml/s. We found larger lumen areas in patients with SCD compared to controls, which supports the hypothesis that chronic high flow in an anaemic environment is accommodated by dilated vessels (Gibbons & Dzau, 1994; Kosinski et al, 2017) . In addition, we posit that outward remodelling of vessels partly explains the normalization of velocity in older patients. Lumen area dilation in turn is regulated by changes in ESS transduced via endothelial cells (Reneman et al, 2006) . Contrary to our hypothesis that ESS would be similar in SCD patients due to larger lumen area, we found lower ESS in patients with SCD, compared to controls. Our observation is in line with a previous study, in which regions of low ESS were reported on inner curvatures of patient-specific vessel segments of the CoW . In another study, higher values were reported for patients than healthy controls (Belhassen et al, 2001) . However, the accuracy of ESS values in the latter study may be limited by the assumption of laminar flow (Reneman et al, 2006; Schwarz et al, 2015) . Our result can be attributed to the haematocrit-derived calculation of blood viscosity of sickle cell blood. The low Hct, and therefore low viscosity, led to lower ESS in SCD patients compared to controls. The effect of no viscosity-correction is evident from the shear rate values, which were similar in both SCD patients and controls. While there remains some controversy regarding whether the shear rate or the ESS plays a role in vascular responses (Gibbons & Dzau, 1994) , our data appear to show that shear-rate regulation is preserved in SCD, but at the expense of low ESS and larger lumen in SCD patients. A potential methodological difficulty arises from the fact that we determined viscosity from peripheral Hct values, while the actual viscosity near the vessel wall may have been similar in controls and patients. Further consequences of low ESS in SCD cannot be derived from the current study, but could be involved in early stages of pathology that has been observed in SCD, such as intimal proliferation, wall thickening, progressive vasculopathy and stroke (Montes et al, 2002; Baskurt et al, 2004; Switzer et al, 2006; Hulbert et al, 2011; Connes et al, 2013; .
4D flow-derived haemodynamics were lower in patients with brain lesions. We identified such lesions in 44% of patients with SCD, with lesions being present in all patients with SCD over the age of 30 years. However, more sophisticated methods incorporating the number, size, and location of lesions is needed in future studies, and incorporating a comparison to lesion prevalence in a healthy age-matched cohort would be very valuable. Age is a factor limiting our current understanding of how intracranial haemodynamics may contribute to lesion development in patients with SCD as we found that the older patients also had lower velocity, ESS and flow values, and that there was no effect of haemodynamics on lesion presence when age was accounted for. This study is limited by the cross-sectional design that makes it impossible to discern if survival to older age was due to less severe anaemia, as suggested by the age-dependent increase in Hct in our patient group, or whether haemodynamics were influencing survival. Another limitation is the small number of adult patients compared to the number of paediatric patients included. Furthermore, age-related changes were not statistically significant in the healthy control group due to the small sample size, particularly in the paediatric age range. An additional limitation is the lack of healthy controls in the paediatric age-range, preventing us from performing a sub-analysis for comparison with paediatric SCD patients. In order to characterise the changes in intracranial haemodynamics across the lifespan, we compared the controls and patients as a whole, and corrected for age. Technical limitations pertain mainly to the spatial resolution of the 4D flow MRI technique, which was chosen to capture flow and velocity, but was limited in the smallest vessels, such as the ACA for ESS values. The average number of voxels across the diameter in the ACAs was 5 AE 1, which is lower than the 8 voxels recommended for reliable ESS estimation (Potters et al, 2015) . Insufficient spatial resolution could lead to underestimation of ESS in small vessels (Petersson et al, 2012) , but this was the case for both patients and controls at vessels of similar diameters. Therefore we selected the highest spatial resolution that was technically feasible in a scan time of 6 min, which was 0Á5 9 0Á5 9 0Á5 mm voxels. We sacrificed temporal resolution for high spatial resolution. Therefore, this study suffers from another limitation, namely, low temporal resolution. A recent paper has investigated the effects of spatial and temporal resolution on 4D flow MRIderived parameters and the authors concluded that mean flow and mean ESS are barely influenced by temporal resolution while being sensitive to spatial resolution (Cibis et al, 2016) . In order to minimise possible bias from low temporal resolution, we averaged our values over time to obtain timeaveraged velocity, flow and ESS, and to minimise possible errors from spatial resolution, we averaged our values over the entire vessel segment. Finally, the segmentation variability only had a minimal effect on the mean velocity results; we found excellent intra-class correlation coefficient values.
Conclusion
In conclusion, this study shows that 4D flow MRI measurements are feasible and demonstrate altered haemodynamics in patients with SCD across the lifespan, compared to healthy controls. These results not only indicate that patients with SCD have higher velocity and flow due to anaemia, but also that low ESS with larger lumen area may indicate altered haemodynamics with vascular remodelling, independent of the severity of anaemia. The results emphasize that the role of haemodynamics in SCD stroke is not straightforward. Finally, TCD may be sufficient in paediatric SCD if one is only interested in velocity at a single location, but 4D flow MRI offers a more comprehensive and appropriate assessment in adult SCD patients by providing more information on cerebrovascular haemodynamics as a whole.
